Induction of Agrobacterium tumefaciens virulence genes by plant phenolic compounds is essential for successful T-DNA transfer to a host plant. In Douglas fir needles, the major virulence region inducer is the glycoside coniferin (J. W. Morris and R. 0. Morris, Proc. NatI. Acad. Sci. USA 87:3612-3618, 1990).
Communication between Agrobactenum tumefaciens and host plant cells is essential for successful tumorigenesis. During infection, Ti plasmid genes of the virulence (vir) region control transfer of the T-DNA from the bacterial cell to the plant cell. Genes of the virulence region, first defined by transposon mutagenesis (8) , were found to be transcriptionally activated by plant exudates and suspension-cultured cells (15, 43) . Two of the virulence products, VirA and VirG, are essential for induction of the other loci (42) . These two proteins share conserved domains found in many bacterial two-component environmental responsive systems (29, 51) ; VirA is similar to other sensor proteins, and VirG shows homology to other transcriptional activators.
The first native vir region-inducing compounds were isolated from tobacco root exudates (41) . Acetosyringone and hydroxy-acetosyringone were identified. Spencer and Towers (40) and Melchers et al. (25) systematically tested a large number of synthetic phenolic compounds to determine the structural requirements of active inducers. They found that most active compounds were composed of substituted benzene rings with free 4'-hydroxyl groups, 3'-methoxy and often 5'-methoxy groups, and usually an electron-withdrawing group at the 1' position. Flavonoid compounds purified from petunia pollen and stigma tissues have also been identified as vir region inducers (54) . Coniferin, purified from Douglas fir (Pseudotsuga menziesii) needle extracts, was identified as the major native vir region inducer in that species (28) . It differs from other inducers in that it is a glucoside in which the 4'-hydroxyl group is blocked. Hess et al. (12) have shown that the 4'-hydroxyl group is essential and probably directly interacts with VirA or a receptor protein. The aglycone, coniferyl alcohol, had previously been identified as an active inducer (25) . Unlike coniferyl alcohol, however, coniferin induced only a particular subset of A. tumefaciens strains (28) .
Morris and Morris (28) were able to utilize cellobiose but grew very slowly, suggesting that type 2 clones encode a cellobiase.
On the basis of the differences in restriction enzyme digest patterns, ability to hydrolyze coniferin, and growth on cellobiose, it was concluded thatA. tumefaciens B3/73 has at least two P-glucosidases. The gene represented by the type 1 class was designated cbgl (for coniferin-specific ,-glucosidase) and selected for further study.
Sequence of cbgl. The 5.7-kb HindIlI fragment common to all type 1 clones was purified from a digest of clone 22 and ligated into pBR322. Clones with inserts in either orientation were able to cleave X-glucose, indicating that the entire 0-glucosidase gene was probably located within this insert. An EcoRI, BamHI, BglII, and PstI restriction map of the insert was prepared, and appropriate fragments were subcloned and screened for activity on X-glucose. A 3.5-kb BamHI-PstI fragment with an internal PstI site was found to cleave X-glucose when cloned into pUC19. When cloned into pUC18, no ,B-glucosidase activity was expressed, indicating that this fragment probably lacked its native promoter.
The restriction map of the initial HindIll 5.7-kb insert is shown in Fig. 3A . Four Fig. 1A with a polymerase chain reaction-generated probe from an internal region of cbgl. Only the 5.7-kb band of type 1 clones hybridized to the probe, as shown in Fig. 1B . Type 2 clone DNA did not hybridize to the cbgl probe.
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A very good 12-bp GC-rich dyad symmetry (underlined in Fig. 3B , nucleotides 2477 to 2507) with a 7-bp loop downstream of the termination codon may serve as a transcription termination signal for cbgl. Consensus transcription termination sites generally have uridine-rich tracks following the hairpin structure in mRNA, although some good terminators do not (31) . A track of T residues was not found downstream of any dyad symmetries near cbgl. The polycistronic unit does not appear to continue past cbgl, since no significant open reading frames exist in over 1 kb downstream of cbgl.
The GC content of the DNA sequenced was comparable to that reported for A. tumefaciens. The overall GC content of the sequenced region was 60.7%. That of the coding region was 62.6%. The GC content of A. tumefaciens is 60 to 62%, whereas E. coli has approximately 50% GC (30) . It was expected, therefore, that there would be a bias for codons with G and C in the third position compared with E. coli genes (18) . However, there was much more GC thirdposition bias in cbgl than in A. tumefaciens vir genes (48) . The most dramatic difference was seen for lysine codons. In cbgl, 97% of the 31 lysine residues were coded for by AAG rather than AAA. The vir genes use almost equal frequencies of both, with a bias for AAA. Threonine also showed a strong bias, with only 5% of the 24 codons coded by ACA and none by ACT, whereas the vir genes used these codons 40% of the time. Several other amino acids also showed a bias in codon usage.
Similarity of Cbgl to other 13-glucosidases. There are 818 amino acid residues in the translated sequence of Cbgl, and the predicted molecular mass is 88,289 Da. The protein is generally hydrophilic, and the N-terminal region does not contain a signal leader peptide for export (49) .
A computer search of translated GenBank sequences revealed several 13-glucosidase proteins with high homology to Cbgl. These comparisons are illustrated in Table 1 . The greatest homology was to a ,B-glucosidase, BglB, from the cellulolytic thermophilic bacterium Clostridium thennocellum (9) . Cbgl and BglB were 43% identical and 64% similar. The similarity extended throughout the proteins, with much of the difference accounted for by an (2) was also very similar to Cbgl. Bgll has 45 N-terminal amino acids not found in Cbgl which probably code for a signal peptide. Two I-glucosidases, Bgll and Bgl2, from the yeast Saccharomycopsis fibuligera (22) were 29 and 32% identical and 55 and 59% similar to Cbgl, respectively. These proteins contain probable leader signal peptides for membrane transport not found in Cbgl. Both enzymes are aryl-,-glucosidases, but only Bgll is able to hydrolyze cellobiose. Clhq from Candida pelliculosa (17) and Cbgl are 29% identical and 54% similar in sequence. Clhq also has a signal peptide for transport into the periplasmic space. A partial sequence of a 3-glucosidase from the basidiomycete Schizophyllum commune shows 42% identity to the carboxy-terminal 222 amino acid residues of the C. pelliculosa 3-glucosidase and probably belongs among this class of proteins (26) .
Although the BglA 3-glucosidase from the bacterium Butyrivibrio fibrisolvens (20) is similar in size (830 amino acids, 92 kDa) to Cbgl and the related enzymes, it shows only 17% identity and 44% similarity to Cbgl. Three smaller bacterial P-glucosidases, BglB (471 residues, 53 kDa) from E. coli (36) , Abg (458 residues, 51 kDa) from Agrobacterium strain ATCC 21400 (46) , and BglA (453 residues, 54 kDa) from the extreme thermophile Caldocellum saccharolyticum (21) , are also less related to Cbgl ( Table 1) .
The active site of ,B-glucosidase A3 fromAspergillus wentii has been identified by labeling with the tritiated substrate analog conduritol B epoxide (3). An aspartic acid residue bound the analog. Two nearby asparagine residues in the consensus Asn-X-Thr/Ser sites were glycosylated. A multiple alignment of the regions homologous to the A3 active site is shown in Fig. 4 . Cbgl and each of the similar enzymes mentioned previously all contain regions homologous to the A3 active site. Each of the enzymes has a tryptophan residue immediately following the conserved aspartic acid and either a serine or threonine before it. The A3-type enzymes also have glutamic acid residues five and nine residues upstream of the conserved aspartic acid residue and a second conserved aspartic acid motif, Gly-Leu-Asp-Met, which may be important for activity (2) . Cbgl has two eukaryotic consensus glycosylation sites at asparagine residues 148 and 194, although these would not be expected to be glycosylated in A. tumefaciens. The bacterial ,B-glucosidases from E. coli, Agrobacterium strain ATCC 21400, B. fibrisolvens, and C. saccharolyticum do not contain regions homologous to the A3 active site.
DISCUSSION
Evidence for two 13- (52) . A. tumefaciens strains are characterized as being able to hydrolyze cellobiose (13) . abg, from Agrobacterium strain ATCC 21400, was isolated on the basis of cellobiase activity (46, 47 (49) . This suggests that Cbgl is intracellular or in the inner membrane and that the substrates and products traverse the bacterial membrane by diffusion or transport. The K fragilis enzyme, Glvk, which is similar to Cbgl throughout the sequence, also lacks a leader peptide sequence and was reported to be an intracellular enzyme (33) .
Because Cbgl may be involved in phenolic signal processing, comparisons were made with the VirA and NodD proteins, which are known to interact with the same types of phenolics. VirA from A. tumefaciens A6 (19) is close to the same size as Cbgl and was found to be 17% identical and 41% similar to Cbgl. However, no regions of high homology were found. Rhizobium leguminosarum NodD (37) , which is only 303 amino acids in length, was 23% identical and 46% similar to Cbgl. As with VirA, no regions of high homology were found.
It is not known how A. tumefaciens vir region inducers interact with VirA to promote the T-DNA transfer cascade. The interaction has been proposed to occur in the inner membrane (24) . Diffusion or transport of phenolic inducers through the outer membrane would make them available to inner membrane proteins. Recently, Huang et al. (14) have identified a chromosomal locus, chvE, that encodes a periplasmic receptor protein involved in uptake of sugars. It has been shown that monosaccharides act synergistically with phenolic inducers to activate the vir genes (4, 38) . Mutations in chvE resulted in attenuated vir region induction in the presence of acetosyringone (14) . Glycosylated phenolic inducers that can be transported across the outer membrane and deglycosylated by 3-glucosidase would present both a glucose moiety and a phenolic moiety to maximally induce the virulence cascade in strains such as B3/73. The open reading frame upstream of cbgl may encode a transmembrane transport protein similar to ChvE for uptake of coniferin and other glycosides. In E. coli, the bglS gene upstream of bglB encodes a transport protein that mediates the intracellulat accumulation of aryl-1-glucoside-phosphate substrates for BglB (36) .
Role of Cbgl in virulence. The ultimate consequence of cbgl expression is the most important property yet to be determined. Hydrolysis of coniferin to coniferyl alcohol clearly plays an important role in presenting the VirA protein or phenolic binding receptor with an active virulence region inducer from Douglas fir during infection (28) . Determination of the cellular location of Cbgl will help to clarify its relationship to induction of the virulence cascade. A large number of Agrobacterium strains have been tested for virulence on Douglas fir, with a range of infectivities evident (27) . How much of the host range variation on Douglas fir can be accounted for by cbgl? Experiments are in progress to delete cbgl from virulent strains and to introduce the gene into strains not virulent on Douglas fir to determine the effect on virulence. It would be of interest to determine whether other substrate-specific inducer-modifying enzymes play analogous roles in other plant-agrobacterium interactions and perhaps in other plant-microbe systems such as legumerhizobium interactions. Currently, the substrate specificity of Cbgl is being determined, and potentially homologous plant enzymes and genes are being isolated.
